The discovery and investigation of the new region of superheavy nuclei at the DGFRS separator based on fusion reactions of 48 Ca with 238 U-249 Cf target nuclei are reviewed. The production cross sections and summaries of the decay properties, including the results of the posterior experiments performed at the SHIP, BGS, and TASCA separators, as well as at the chemistry setups, are discussed and compared with the theoretical calculations and the systematic trends in the α-decay and spontaneous fission properties. The properties of the new nuclei, isotopes of elements 112-118, and their decay products demonstrate significant increases in the stability of the heaviest nuclei with increasing neutron number and closer approach to magic number N = 184.
Introduction
After the discovery of the fission of uranium (Hahn and Strassmann, 1939 [1] ) and the development of the theory of nuclear fission (Bohr and Wheeler, 1939 [2] ), the boundary of the existence of nuclei was physically defined for the first time as the limit of stability of nuclei with respect to spontaneous fission (SF). According to the theory, a heavy nucleus is preserved from SF by a potential barrier (fission barrier) that is approximately 6 MeV high for uranium. The spontaneous fission half-life for 238 U is T exp SF = 10 16 y (Petrzhak and Flerov, 1940 [3] ). For the transuranium nuclei (Z > 92), the fission barrier will rapidly decrease with growing Z due to the increasing repulsive Coulomb forces. With a vanishing fission barrier (B f = 0 MeV), a spherical nucleus will transform to a dumbbell configuration and divide into two fragments in approximately 10 −19 s. This is the limit of stability of heavy nuclei. In the macroscopic theory (liquid-drop model), this situation occurs for the second hundred elements (Z > 100).
The properties of the first artificial elements with Z > 92 seemed to support these theoretical predictions: From 238 U (Z = 92) to 256 Fm (Z = 100), T exp SF dropped by almost a factor of 10 20 . The spontaneous fission half-lives of the even-even isotopes of elements 102 and 104 produced in the reactions with heavy ions decrease by 10 6 times. The slight inhibition of SF that is observed in isotopes with odd Z and N does not change the conclusion that further increases in Z > 104 will limit the existence of atoms because they will not have time to form during the short lifetimes of their nuclei (T SF ≤ 10 −14 s). From the extrapolation of T exp SF of the even-even isotopes into the region with Z > 104, it followed that this limit could already be reached for isotopes of elements [106] [107] [108] .
The situation changed in 1962 after observing the short SF half-life T SF ≈ 0.014 s [4, 5] in 242 Am known to have T SF ≥ 310 12 y in the ground state. Further experiments showed that a similar phenomenon is observed in 35 actinide isotopes with Z = 90-97. In particular, the 238 U nucleus undergoes SF with half-lives of 10 16 y and ≈ 3 · 10 −7 s; here, the difference is 30 orders of magnitude! It was shown later that such an effect is due to fission from two states, the ground state and a strongly deformed (isomeric) one. In the ground state, the nucleus is almost spherical. In the isomeric state, it is an ellipsoid with an axes ratio of approximately 3:1. However, the isomerism of nuclear forms is not compatible with the structureless liquid-drop approach, which meant that, even at large deformations, nuclear matter has structure that influences the SF process of the nucleus.
It was known previously that nuclei with "magic" numbers of protons (2, 8, 20, 28, 50, or 82) and neutrons (2, 8, 20, 28, 50, 82 or 126) have considerably higher binding energies in their ground states compared with the neighboring nuclei. In the shell model, this fact is interpreted as a manifestation of the nuclear structure similar to the effect of closed electron shells in the atomic structures of the well-known noble gases in the 18th group of Mendeleev's Periodic Table. However, it was considered that this effect rapidly decreases with increasing deformation of the nuclei. In fact, nuclear structure does not disappear with increasing deformation but evolves and maintains an important role in the nuclear fission process (Strutinsky, 1967 [6] ). Studies of spontaneously fissioning isomers (shape isomers) strongly advanced the theory by helping generate and develop models that describe the collective properties of nuclei that account for their structures. In the first step, the effects of nuclear shells were taken into account as a correction in the calculation of the potential energy of the nucleus (the macroscopic-microscopic (MM) nuclear model). In the MM model, many experimental facts were explained that did not fit the classic liquid-drop model: the two-humped fission barrier of actinides and spontaneously fissioning isomers, the high fission barrier of doubly magic 208 Pb, the strong variations in the SF probability with minor changes in the nuclear mass, etc.
Systematic calculations of the potential energies of the nuclei in the ground and deformed states have shown that, in the actinide region, not only spherical nuclei (with spherical shells) but also the deformed nuclei can have "magic" structure (see review [7] and the references therein). In particular, the high stability of the known isotopes of Th, U and long-living transuranium elements is associated with the effect of the deformed Z = 100 and N = 152 shells.
Macroscopic-microscopic calculations of the potential energy for the heavier still unknown nuclei led to unexpected predictions. The next closed deformed shells with Z = 108 and N = 162 revealed themselves in a fairly heavy nucleus with a mass of 270 with a practically zero liquiddrop fission barrier. At the same time, calculations demonstrated that, due to the nuclear shell effect, an almost 8-MeV single-humped fission barrier appears in this nucleus, and its SF half-life is T SF ∼ 1.8 h [8] . An even stronger shell effect is predicted by theory when moving to heavier (superheavy) nuclei (SHN) [7, [9] [10] [11] [12] [13] . In the mass domain near A ∼ 300, there arises a strong effect of spherical nuclear shells with Z = 114 and N = 184 similar to the effect that occurs in doubly magic 208 Pb (Z = 82 and N = 126). Due to the effects of the new spherical shells, a large area of very heavy nuclei appears far from the known region. Such predictions appeared directly during the development of macroscopic-microscopic nuclear theory. These predictions have been confirmed with increasing confidence by further theoretical studies over the past 50 years. Among these studies are various approaches in the framework of the macroscopic-microscopic model and purely microscopic models, such as the Hartree-Fock-Bogoliubov (HFB) model or Relativistic Mean Field (RMF) calculations. In all of the models, the strong effect of the neutron shell N = 184 is predicted. The effect of the proton shell is relatively weak and more "smeared" over Z. In the MM model the magic proton number is Z = 114, while in the purely microscopic calculations, the maximum effect of the proton shell is expected in heavier nuclides with Z = 120-126 and depends on the choice of the parameters of the nucleon-nucleon interactions in the nucleus. However, regardless of these uncertainties, the calculations indicate that the most stable superheavy nuclei in the center of the "island" could have enormous half-lives of hundreds, thousands and even millions of years.
In addition, experimental verification of this non-trivial hypothesis is very difficult. The synthesis of heavy nuclei with high-flux nuclear reactors is limited by 257 Fm (T 1/2 = 100 d) due to the break in the chain of consecutive capture of neutrons by the spontaneous fission of 258 Fm (T SF = 0.4 ms). Attempts to overcome this limit via large pulses of neutrons (in nuclear explosions) also did not in practice result in any progress toward the nuclear mass region with A > 257.
Elements with Z ≥ 101 were produced in the reactions induced by charged particles. In this approach, a complex of nucleons, 4 He, 12 C, 18 O or 22 Ne, is brought into the target nucleus. Isotopes of Pu-Cf produced in high-flux nuclear reactors are used as target material. In contrast to (n, γ ) reactions, in the reactions with heavy ions the obtained compound nuclei (CN) are strongly heated; their excitation energy is 37-45 MeV. Because of strong competition from fission, only 10 −6 -10 −8 of the primary nuclei can survive, and this number rapidly decreases with increasing charge and mass of the projectile. However, despite enormous losses, isotopes of the elements of the second hundred with Z = 102-106 were synthesized for the first time in these reactions (see [14] and references therein).
Advances in the region of nuclei with Z > 106 could be achieved after the discovery of the so-called reactions of "cold fusion" that are realized in collisions of "magic" target nuclei 208 Pb or 209 Bi with massive projectiles with A ≥ 40 [15] . Compound nuclei formed in these collisions have excitation energy of only 12-15 MeV. They go to the ground state by emitting a single neutron, which results in high survivability of the compound nucleus. Six elements with Z = 107-112 have been synthesized in cold-fusion reactions using massive ions 54 Cr, 58 Fe, 64 Ni, and 70 Zn [16] .
Unfortunately, this method is not applicable when moving to the domain of spherical shells Z = 114 and N = 184. In cold fusion, magic nuclei 208 Pb or 209 Bi are fixed as targets. The synthesis of still heavier nuclei is achieved by increasing the atomic number of the projectile.
This approach causes an increase in the Coulomb forces and a strong decrease in the probability of formation of the compound nuclei with higher Z. Remarkably, experiments into the synthesis of element 113 in the reaction 209 Bi + 70 Zn in RIKEN (Japan) have been pursued for nine years. During this period, only three decays of atoms of element 113 could be observed; this result corresponds to a cross section of approximately 0.02 pb [17] .
Another fundamental limitation of this method is the large deficit of neutrons. For instance, the synthesis of element 114 in the fusion of 208 Pb and 76 Ge would lead to the formation of the compound nucleus with Z CN = 114 and N CN = 170 that is displaced from the shells N = 162 and N = 184 by 8 and 14 neutrons, respectively. With such a difference, the expected effect of both neutron shells is minimal. To reach the range of effect of the neutron shell N = 184, it is necessary to considerably increase number of neutrons in compound nuclei. However, this is quite a difficult task.
It is impossible to obtain excess neutrons in the fusion of stable nuclei while the intensity of the radioactive beams is extremely low at contemporary accelerator complexes and even at those being designed. Therefore, we changed the approach to the synthesis of superheavy nuclei. As the target material, the most neutron-rich isotopes of transuranium elements with T 1/2 ≥ 1 y produced with high-flux nuclear reactors were chosen. The projectile is a rare isotope 48 Ca (its content in natural calcium is 0.187%). The fusion of 244 Pu and 48 Ca results in the formation of a nucleus with Z CN = 114 and N CN = 178 that has eight neutrons more than that the isotope formed in the cold-fusion reaction 208 Pb + 76 Ge. It will be shown that these eight extra neutrons play a key role in the synthesis of superheavy elements.
In the 244 Pu + 48 Ca reaction (Z 1 · Z 2 = 1880), the Coulomb forces are some 40% weaker than in the 208 Pb + 76 Ge reaction (Z 1 · Z 2 = 2624). The probability of forming a compound nucleus increases by 5-6 orders of magnitude, which is certainly a great advantage. However, in contrast to the cold-fusion reactions, in the case with 48 Ca, the excitation energy of the compound nucleus is 35-40 MeV (hot fusion). Transition of such a nucleus to the ground state will occur with emission of 3-4 neutrons and γ rays. Fission will strongly compete with the evaporation of neutrons ( n / f << 1), which means a dramatic decrease in the survivability of the compound nucleus. The latter is a significant drawback of hot fusion reactions.
However, one should pay attention to the following fact: In thermodynamic calculations, the value n / f ∼ exp(B f − B n )/T ) strongly depends on the fission barrier height B f of the compound nucleus. Because the height of the fission barrier in superheavy nuclei is determined in full by the effect of the nuclear shells (mainly by the neutron shell N = 184), the increase in the fission barrier upon approaching N = 184 should lead to a considerable increase in survivability and, as consequence, increase the production cross sections of superheavy elements. Moreover, the observation of this effect would be evidence of reaching the "island of stability".
Meanwhile, the transition from cold-fusion reactions to the reactions U-Cf + 48 Ca has complicated the experiment considerably. Instead of stable target isotopes of Pb and Bi, we needed radioactive isotopes of transuranium elements that were to be accumulated for months in nuclear reactors with neutron fluxes of up to 2.5 · 10 15 n/cm 2 /s. Further operations of radiochemical separation, isotopic enrichment and target manufacturing are quite time and labor consuming.
The production of an intense beam of 48 Ca ions also required solving a number of technical problems. It is known that calcium has no gaseous compounds. The enriched isotope 48 Ca is produced from natural calcium by means of electromagnetic separation. The high cost of 48 Ca is directly related to the difficulty of its production. The problem facing the production of an intense beam with minimum consumption of the isotope 48 Ca is finding an optimum operation mode of the ion source. A beam of 48 Ca 7+ with an intensity of approximately 0.3 pµA was obtained for the [23, 24] . Lower line -cross-section level for detection of a single event in DGFRS experiments [28, 29] . first time in 1974 at the heavy-ion cyclotron U300 using an internal plasma source; consumption of the working substance was approximately 4 mg/h [18] . The first experimental studies of the fusion reactions [206] [207] [208] Pb + 48 Ca demonstrated high yield of the nuclide 252 No produced via evaporation of neutrons from the compound nuclei [254] [255] [256] No [18] .
However, carrying out experiments aimed at the synthesis of superheavy elements, produced with a cross section that is approximately 6 orders of magnitude lower than that of No isotopes, was strongly limited by high consumption of 48 Ca. However, in 1977-1978, a series of irradiations of targets of 242 Pu, 243 Am and 246,248 Cm by 48 Ca ions were performed by employing the U300 cyclotron to search for the decay of superheavy nuclei; they were not observed in these experiments. The upper cross-section limits for the evaporation residues (ER) of Z = 112-116 vary from 10 to 200 pb depending on Z, decay mode (α, SF), method used for separating the product and time of detection of its decay.
Since this time, numerous attempts to experimentally observe SHN have been undertaken in complete-fusion reactions, multi-nucleon-transfer reactions, and natural objects (see review [19] and references therein). However, fusion reactions of isotopes of actinide elements ranging from 231 Pa to 254 Es with 48 Ca projectiles were considered the most promising for the production of SHN (see, e.g., [20] [21] [22] [23] [24] [25] [26] ). In these experiments, various approaches with different delivery-time intervals t min between target and detector were applied. These included relatively slow radiochemical extractions of synthesized nuclei or their decay products (t min ∼ 1 h) up to faster gas-jet techniques (t min ∼ 1 s) or mechanical transports (t min ∼ 1 ms). In some cases, kinematic separators of the complete-fusion-reaction products were used [27] (t min ∼ 1 µs). However, all of these attempts were unsuccessful, and superheavy nuclei or their decay products were not observed. The results of some of the most sensitive experiments, where the upper cross-section limits for detection of SHN were determined, are shown in Fig. 1 .
From the complete set of experimental data, it followed that, in spite of all of the above advantages of the U-Cf + 48 Ca reactions, the production cross sections of the superheavy nuclei will amount to picobarns (10 −36 cm 2 ) at the best. Therefore, the major developments at the new U400 cyclotron were focused on the increase of 48 Ca beam intensity. Based on the ion source ECR-4 (France), a new external ion source ECR-4M has been developed. A low-energy ion beam of 48 Ca 5+ (0.002 MeV/nucleon) was produced in an external source and injected in the center of the cyclotron chamber to be further accelerated to the energy of 5.0-5.8 MeV/nucleon. After passing through a 50-mg/cm 2 thick carbon foil at the final radius of the cyclotron, the ion charge of the calcium changed to 18 + , and the beam altered its trajectory and was extracted from the chamber and focused on the remote target.
Using this technique, the beam intensity reached 1.0 to 1.5 pµA with a material consumption rate of approximately 0.7 mg/h (considering its regeneration). 1
Experiments
Even with the sufficiently high efficiency of experiments reached due to the increases in the 48 Ca beam intensities at accelerators and improved kinematic separators including their detection systems, some significant parameters of the experiments into the synthesis of SHN remained unknown, which complicated the realization of SHN in the reactions of 48 Ca with actinide target nuclei. These are factors, e.g., the energy of the 48 Ca ions corresponding to the production maximum of SHN, the average charge states of the heavy ions escaping the target (for vacuum separators) and then traversing dilute gas (for gas-filled separators), and the expected decay properties of SHN.
Theoretical calculations (see review [7] and references therein) predicted that the half-lives of superheavy nuclei could vary over a wide range: from microseconds for the even-even isotopes of the heavy elements up to days for the products of sequential decay of the odd nuclei. Production cross sections for the evaporation residues could be at picobarn level. The recoiling nuclei, formed with full momentum transfer from the projectile to the compound nucleus, leave the target layer in the beam direction. Therefore, experimental devices should be able to separate them from beam particles, scattered nuclei, and transfer-reaction products.
At the end of the 1990s, several kinematic separators could be used in experiments into the study of heavy nuclei: electromagnetic velocity filter SHIP [16, 27, 30, 31] (GSI, Darmstadt) and energy filter VASSILISSA [32] (FLNR, Dubna) as well as gas-filled magnetic separators, e.g., DGFRS [33, 34] (FLNR), HECK [35] (GSI, Darmstadt), BGS [36] (LBNL, Berkeley), RITU [37] (UJ, Jyväskylä), GARIS [38] (RIKEN, Saitama) and TASCA [39] (was put in operation at GSI, Darmstadt, in 2007).
The first experiments, which resulted in the discovery of even-Z elements 114 1 The reader can find in this volume and in the references fundamental theoretical outcomes regarding the limits of nuclear masses as well as various approaches for the description of the properties of heavy nuclei at the border of Coulomb stability. Above, we have given only a brief introduction to the problem motivating the experiments aimed at the synthesis of superheavy nuclei and the study of their properties. Here, we will consider the construction and operation of gas-filled magnetic separators. The Dubna gas-filled recoil separator is shown schematically in Fig. 2 . DGFRS has a DQ h Q v magnetic configuration: a flat-field dipole magnet with inclined poles for horizontal focusing (D) followed by two horizontally (Q h ) and vertically (Q v ) focusing quadrupole magnets. HECK and TASCA have similar configurations, while RITU and GARIS have additional Q v in the beginning and D at the end of the separators, respectively. BGS consists of a vertically focusing quadrupole magnet, a horizontally focusing gradient dipole magnet and a flat-field dipole magnet (
The ERs recoil out of a thin target (∼0.4 mg/cm 2 ) and enter the dipole magnet with the momentum of the beam particle. After emerging from the target layer, the heavy atoms retain a relatively low number of electrons and thus have a correspondingly large electronic charge (q ≈ 20 for 48 Ca-induced reactions with actinide nuclei [40] [41] [42] , similar to that for 48 Ca ions). Furthermore, the distribution of the ionic charge states is quite broad. Due to charge exchange in consecutive collisions with the gas atoms, the distribution of the ER charges rapidly becomes narrower and the mean charge decreases to the equilibrium value (q ≈ 6 [43] ), whereas the average charge of the projectiles remains the same due to their high velocity. In sequential collisions with the atoms of the medium, the heavy atoms slow down and deviate from their primary direction. They move in dilute gas between the poles of the dipole magnet with gradually decreasing velocity along some average trajectory characterized by the mean curvature radius of the separator. Ions with mass (m), average charge (q), and velocity (v), will be deflected in a magnetic field strength (B) following a trajectory with curvature radius (ρ). The ER trajectory in the field of a dipole magnet is determined by momentum and charge as follows:
In 1940, for theoretical description of the stopping of fission fragments, Bohr [44] assumed that a heavy atom moving through a rarified gas retains all of its electrons that have orbital velocities exceeding that of the ion relative to the medium. From this, using the Thomas-Fermi atomic model, he obtained the dependence of the effective charge of a heavy atom with atomic number Z on its velocity:
Here, v 0 is the velocity of the electron in Bohr's model of the hydrogen atom (2.19 × 10 6 m/s). Introducing the value q (2) into (1) one can get
where A is the mass number of the ion. Formula (3) shows the main principle of separation in the magnetic field of heavy nuclei moving in gas media. In the first approximation, the curvature radius of the ion is determined mainly by mass and, to a lesser degree, by atomic number (the Z −1/3 factor differs by 1.7% between Z = 112 and 118), and becomes charge and velocity independent. Ions with different masses will be deflected from the initial direction, moving through different curvature radii. The complete-fusion-reaction products have the largest possible mass. Accordingly, the other reaction products -target-like or projectile-like ions -will be spatially separated in flight from the ERs following the trajectories with lower curvature radii. At the same time, the transmission efficiency of the separator for Z = 112-118 nuclei was estimated to be approximately 35-40% [28, 29, 34] for a focal-plane detector of 120 (width) × 40 (height) mm 2 . The transmissions of TASCA and BGS, which have been used in experiments with 242,244 Pu since 2009, were calculated to be 60-69% [36, 39, [45] [46] [47] for detector areas of 144 × 48 mm 2 and 180 × 60 mm 2 , respectively.
For the ions with a constant v/q ratio, the variation of the trajectory and, thus, the mass resolution of the separator, depend upon the relative Bρ width, which is determined by the optical dispersion of the system, and the width of the spatial distribution of the ERs due to interactions with the target material and the separator gas. The accurate setting of the separator magnetic rigidity requires precise knowledge of the v/q ratio. The initial energy and corresponding velocity of the ERs in the target layer are determined by the law of conservation of momentum and the number of evaporated neutrons. The average velocity of the ERs in the dipole magnet can be calculated using the energy losses in the target and gas. Note that incorrect estimation of the ion charge would result in a shift in the ER distribution on the focal plane, which is determined by the separator's dispersion. For DGFRS with a dispersion D = 7.5 mm/%B ρ, under-or overestimation of the charge (or chosen rigidity of separator) by 8% would result in a shift of the ER from the center to the edge of the detectors (±60 mm) and corresponding loss of transmission efficiency by approximately 50%. For the TASCA and BGS with D = 9 mm/%B ρ [36, 39] and 18 mm/%B ρ [36] , respectively, and their detector sizes, the accuracy of rigidity setting should be better than 8% and 5%.
The dependence of the average charge states on the velocity of heavy nuclei in dilute hydrogen was determined at DGFRS by measuring the magnetic rigidities of the ERs synthesized and identified in various reactions [28, 43] . These data are in qualitative agreement with Bohr's model [44] , which reflects the general dependence of the charge state on an atom's velocity and a weak dependence on its atomic number. However, the above formula (2) provides only a qualitative description for heavy atoms and results in values twice as high as those observed in the experiment. The systematics of charges in helium as well as in He + H 2 mixed gas are reviewed in [36] .
An interpolation or extrapolation of these data allows for determination of the charges and, consequently, of the magnetic rigidity settings of DGFRS for the superheavy nuclei that are synthesized in fusion-evaporation reactions induced by 48 Ca projectiles. Due to approximately linear dependence of the ion charge on its velocity, the transmissions of the ERs produced in the same reaction at different projectile energies change weakly. Thus, investigation of the 244 Pu + 48 Ca reaction was performed within the relatively broad 48 Ca energy interval of 236-257 MeV [48, 49] . The corresponding variation in the ER velocity v/v 0 in the middle of the dipole magnet was calculated to be about ±2.1%, which is compensated by the respective change in the charge of about ±2.6%. Furthermore, three isotopes of Fl were observed in this reaction with masses of 287, 288, and 289, a difference of approximately 0.3%, and a change of the DGFRS setting was not needed. However, one should note that the average charge state, ER transmission, suppression factors of the background nuclei in the gas-filled separators depend on many factors, e.g., the atomic number, mass and velocity of ions; the target thickness; the type, purity and pressure of the gas filling the separator; etc.
After separation in the DGFRS dipole magnet from the beam particles and products of unwanted reactions, the ERs are focused by the quadrupole doublet (see Fig. 2 ) onto the separator focal plane located approximately 4 m downstream. Before implantation into the detector, the separated ERs pass through a time-of-flight (TOF) measuring system that consists of two (start and stop) multiwire proportional chambers placed within 6.5 cm from each other and filled with ≈1.5-Torr pentane. To keep the gas inside DGFRS at beam intensities of 48 Ca up to 10 13 /s, a rotating 1.5 µm Ti window is mounted at its entrance, while a 0.5-1.5 µm Mylar fixed window separates the detection system. At the entrance of the BGS and TASCA stationary ∼50 µg/cm 2 carbon foil or even a windowless few-stage differential pumping system are used. The TOF system allows distinguishing recoils coming from the separator and passing through the TOF system from signals, arising from α decay or spontaneous fission of the implanted nuclei (without a TOF signal). To eliminate the background from the fast light charged particles (protons, α's, etc., produced in direct reactions of the projectiles with the DGFRS media) with signal amplitudes lower than the registration threshold of the TOF detector, a "veto" silicon detector was placed behind the front detector (Fig. 2) .
The ERs are finally implanted in the focal-plane detector consisting of 12 vertical positionsensitive strips with widths of 10 mm and heights of 40 mm, which provide horizontal resolution. The vertical position is determined by the resistive charge division within each strip. The implantation depth of the ERs in the Si detector is lower by several times than the range of α particles of SHN, which can escape the focal-plane detector. To detect these particles as well as fission fragments, eight 4-cm by 4-cm detectors without position sensitivity were mounted upstream and perpendicular to the focal-plane detector forming a five-sided box configuration. This results in an increase in the detection efficiency for full-energy α particles from approximately 52% for focal-plane detector only to approximately 87% after reconstruction of their energies deposited in the focal-plane and side detectors. The detection efficiency for spontaneous fission of implanted nuclei is close to 100%. Since 2012, to increase the position granularity of the detectors and thus to reduce the probability of observing sequences of random events that could imitate decay chains of synthesized nuclei, a new detector array was used. It consisted of two 6 × 6-cm 2 detectors in the focal plane, each having 16 strips with position sensitivity and six similar side detectors without position sensitivity. The focal-plane detector of BGS consists of 48 Si strips (three 6 × 6 cm 2 cards, sixteen strips each), which are surrounded by eight side detectors. The focal-plane detector of TASCA was composed of an implantation detector (two 72 × 48-mm 2 double-sided silicon strip detectors with a 1-mm pitch from both sides) and an upstream detector (eight 72 × 48-mm 2 single-sided silicon strip detectors with eight 6-mm pitch). In recent experiments at TASCA and BGS, composite germanium detectors were placed closely behind each of the focal-plane and side detectors.
Results

Even-Z nuclei
Element 114 flerovium
According to the macroscopic-microscopic models, the proton magic number for SHNs is predicted to be 114. Thus, isotopes of this element with the largest possible number of neutrons should have higher fission barriers in comparison with their lighter and heavier neighbors. Barriers govern the survival probability of excited nuclei and resulting cross sections of their production. For these reasons, the investigation of SHNs was started at DGFRS with the 244 Pu + 48 Ca reaction. The experiments were performed in collaboration with LLNL (Livermore, USA).
The first superheavy nucleus 289 Fl was discovered in 1999 [48] . Two identical decay chains were observed; each consisted of two consecutive α decays terminated by SF of the third nucleus (see Fig. 3 and Table 1 ). In this experiment, carried out at the lowest projectile energy, the parent nucleus was assigned to 288 Fl in [48] . In 2003, the study of this reaction was continued at three higher 48 Ca energies (see Fig. 4 ). 288 Fl, the 2n-reaction product, and the new lightest isotope 286 Fl (9 chains) was produced whose decay pattern is similar to that of the heavier even-even isotope 288 Fl, viz., α decay of the parent nucleus and SF of 282 Cn [56] . Subsequent recession from the neutron magic number N = 184 and gradual approach to the border of the region of SHN led to observation of SF of 286 Fl with a probability of approximately 40%. In addition, an α-decay branch of approximately 10% was observed in this experiment for 279 Ds that lead to 275 Hs and SF of 271 Sg (Fig. 3 and Table 1 All of these reactions were later studied in two types of experiments: in the chemical study of superheavy elements and at separators SHIP, BGS and TASCA. The importance of the study of the chemical behaviors of Fl and Cn consisted not only in the identification of the atomic number of the nuclei produced in the 242 Pu + 48 Ca reaction but was essentially broader because for the first time the chemical properties of a superheavy element were investigated at the same time as the measurement of the decay properties of the nuclei. The 242 Pu + 48 Ca and 244 Pu + 48 Ca reactions were studied in chemistry experiments [57] [58] [59] [60] with the use of the IVO + COLD technique. In these first experiments [57] [58] [59] , the parent nuclei of the 242 Pu + 48 Ca reaction were not registered presumably because of the longer transport time from the reaction chamber to the detector compared with their half-lives. However, the daughter nucleus 283 Cn whose lifetime is ten times larger than that of 287 Fl could be investigated with this device. By direct comparison of the adsorption characteristics of 283 Cn in five decay chains to that of mercury and radon, it was found that Cn is more volatile than Hg but, unlike radon, has a metallic interaction with gold. These adsorption characteristics establish Cn as a typical element of group 12. The decay properties of 283 Cn and its descendant 279 Ds were in agreement with those previously determined at DGFRS. Similarly, only 285 Cn and 281 Ds, daughter products of the 244 Pu( 48 Ca,3n) 289 Fl reaction, were detected in the DGFRS + IVO + COLD experiment [60] .
The results of two experiments performed using IVO + COLD [61] and TASCA + COM-PACT [62] aimed at the study of the chemical properties of element 114 are less definite. In the first experiment [61] , three decay chains of 287, 288 Fl were observed in the reactions of 48 Ca with 242,244 Pu. Their deposition on the detectors at low temperature (−4 to −90 • C) indicates that element Fl is at least as volatile as element 112. In the second work [62] , two decay chains were attributed to the 244 Pu + 48 Ca reaction products 288,289 Fl. However, both events were observed at room temperature (+21 • C).
The 238 U + 48 Ca reaction was studied at SHIP [63] . Here, the decay properties of nuclei in two chains confirm the data that were previously assigned to the isotope 283 Cn in experiments at DGFRS. Two ER-SF chains were assigned to a 50% SF branch of this isotope. However, from the data where 283 Cn was observed as the daughter nucleus after α decay of 287 Fl [28, 29, 46, 49, [56] [57] [58] [59] 61] , there follows an upper limit of 7% for the SF branch of 283 Cn.
Studies on the 242 Pu + 48 Ca fusion reaction at BGS resulted in observation of one and two decay chains of 287 Fl and 286 Fl, respectively, [46, 47] with decay modes, half-lives, and decay energies in agreement with the results of the DGFRS group. Furthermore, a decay chain of the lightest isotope 285 Fl, a product of the 5n-evaporation channel, was found that consisted of five consecutive α decays terminated by SF of 265 Rf (Figs. 3, 4 and Table 1 ). However, the α particles from 285 Fl escaped the detector with low-energy release. Recently, three decay chains of this isotope were synthesized at DGFRS in the 240 Pu( 48 Ca,3n) reaction, and the α-particle energy of 285 Fl was determined [64] .
Finally, the decay properties of the nuclei produced in the 244 Pu( 48 Ca,3 − 4n) 288,289 Fl reaction were confirmed in experiments [45, 65] performed with the use of TASCA (Figs. 3, 4 and Table 1 ). Four and eleven nuclei 289 Fl and 288 Fl, respectively, were synthesized at two 48 Ca energies. In addition, in this work, a rare α-decay branch for 281 Ds (≈7%) and SF of 277 Hs were detected in one decay chain of 289 Fl.
In 2011, a joint IUPAC/IUPAP Working Party (JWP) confirmed the discovery of element 114 by the Dubna-Livermore Collaboration [66] . For this element, the name "flerovium" and the symbol Fl were proposed by the discoverers and adopted by the IUPAC [67] . The element was named in honor of the Flerov Laboratory of Nuclear Reactions, which was founded by Professor Georgiy N. Flerov and where superheavy elements were synthesized.
Element 116 livermorium
The first experiments aimed at the synthesis of element 116 in the 248 Cm + 48 Ca reaction were performed in 2000 [68] and then in 2001 [69] at the low-energy slope of the excitation function (Figs. 3, 4 and Table 1 ). Three decay chains of the parent nucleus 293 Lv, the product of the 3n-evaporation channel, were observed, which were followed by the sequence of two α decays of 289 Fl and 285 Cn and SF of 281 Ds. The decay properties of these descendants were in full agreement with those found in the 244 Pu + 48 Ca reaction. Investigation of the same reaction was repeated in 2004 at higher 48 Ca energy [56, 70] . Increasing the excitation energy of the CN resulted in the observation of two isotopes: one already observed at lower energy 293 Lv (2 chains) and a new lighter isotope 292 Lv (6 chains) whose α decay was followed by the α decay of 288 Similarly to element 114, the IUPAC/IUPAP JWP recommended that the Dubna-Livermore collaboration be credited with the discovery of element 116 [66, 67] . The element with atomic number 116 was named "livermorium" (Lv) in honor of the Lawrence Livermore National Laboratory; the syntheses of SHN, including element 116, were performed in collaboration with group of researchers from this laboratory.
The 248 Cm + 48 Ca reaction was studied in 2010 in the SHIP experiment [72] performed at two higher 48 Ca energies (Figs. 3, 4 and Table 1 ). Four decay chains of 292 Lv and one decay chain of 293 Lv were registered at the excitation energy of 41 MeV. The decay properties of the parent and all the descendant nuclei are in agreement with those measured at DGFRS. The decay properties of the nuclei in one more chain are in good agreement with those observed in the long decay chains originating from 291 Lv, which could be produced in the 5n-evaporation channel of the reaction with 248 Cm or in the reaction with the lighter Cm isotope, e.g., 246 Cm (personal communication by S. Hofmann). Indeed, α-particle energies and lifetimes of the second to fourth detected nuclei coincide well with the data for 287 Fl, 279 Ds, and 275 Hs; the decay time of the SF nucleus is in agreement with the half-life for 271 Sg. A somewhat lower α-particle energy for the parent even-odd 291 Lv and missing of one of the five decays ( 283 Cn) are quite possible.
Element 118
The first decay chain of element 118 was found in 2002 in the 249 Cf( 48 Ca,3n) 294 118 reaction studied at DGFRS [73] . Two more decay chains of 294 118 were observed in 2005 at higher projectile energy [71] . Finally, the fourth decay chain of the same isotope was registered during two experiments aimed at the synthesis of element 117 in the 249 [78] . The 243 Am + 48 Ca reaction products leaving the target in the forward direction within an angle of ±12.5 • limited by a collimator were collected in a catcher that could contain evaporation residues including the final product of five α decays of 288 115, 268 Db (T SF ∼ 1d). During the experiment, the catcher was removed every one to two days from the reaction chamber. The elements of group 4 and 5 were extracted from the catcher and isolated from the actinides in fluoride solutions in which the behaviors of Db and Rf have been well studied [79] . In total, 20 SF events of the nuclei of a transactinide element were detected in the same reaction at the same projectile energy with the same decay properties and the same cross section as was observed in the experiment performed at DGFRS [75] . All of these factors allowed for the conclusion that the same isotope was observed in both the physical and chemical experiments [75] [76] [77] [78] . Simultaneously, all of the precursors (Z = 107, 109, 111, 113, and 115) discovered in [75] were identified by establishing the genetic link between the ancestor and the descendant.
In 2010-2012, a new series of experiments with 243 Am [80, 81] was performed at DGFRS aimed at the measurement of the excitation function in a wider energy range (Figs. 4, 5) . At the lowest two 48 Ca energies, we detected four decay chains of the product of the 2n-reaction channel, 289 115, undergoing two consecutive α decays ending in SF of 281 Rg (its SF branch b SF ≈88 % was determined in further experiments, see Table 1 ). Note that the same isotope was observed in the 249 Bk + 48 Ca reaction following α decay of 293 117 (see below). At these and two higher projectile energies, combined with the results from 2003, 31 decay chains of 288 115, the product of evaporation of three neutrons, were registered that undergo five α decays followed by SF. At the highest bombarding energy, we detected two decay chains of 287 115 [75, 76, 80, 81] .
For investigation of the region of neutron-deficient odd-Z SHN, in 2006 we studied the 237 Np( 48 Ca,3n) reaction; two decay chains originating from the lighter odd-odd isotope 282 113 were detected [82] (Figs. 4, 5 and Table 1 ). The decay properties of this isotope and its descendant nuclei 278 Rg, 274 Mt, 270 Bh and 266 Db were in agreement with those following from the extrapolation of the radioactive decay properties of the heavier neighboring isotopes 283,284 113 and, respectively, their descendants.
In 2012, the 243 Am + 48 Ca reaction was also studied at two close beam energies of 242.1 and 245.0 MeV (E * = 35.1 and 37.5 MeV) at TASCA [83, 84] with the use of a high-resolution α, X-ray, and γ -ray coincidence spectroscopy technique. In total, thirty correlated α-decay chains were detected; of them, 23 chains were presented in [83] . One chain consisting of five α decays and SF was compatible with the characteristics of the decay chain attributed to start from the isotope 287 115 [75, 76, 80, 81] . The remaining 22 chains are fully or in significant portions compatible with the 31 chains previously assigned to the decay of 288 115 [75, 76, 80, 81] . The cross section "of some 10 pb" was measured [84] . The summary decay properties of 287,288 115 are shown in Fig. 5 and Table 1 .
In addition to studying the decay properties of the 243 Am + 48 Ca reaction products, the TASCA experiment was aimed at the measurement of X-and γ -rays in coincidence with α particles. In one chain, the escape event with E = 0.8 MeV was "firmly attributed" to 276 Mt (probability of random origin of this event is not given) and was coincident with two Ge-detector signals of 136 and 167 keV, which are consistent with Z = 107K α2 and K β energies, respectively [85] . However, because of the 10-15% probability of random α-photon coincidences, the authors noted that either one or both of the γ -events could be due to Compton-scattered γ -rays or other background events. Despite the fact that registration of X-rays in coincidence with α particles of 276 Mt was not definitely established, the experiment demonstrated the possibility of the direct determination of the atomic number of superheavy elements in the future. More importantly, several α-γ coincidences were detected for 280 Rg and 276 Mt, which provided the first experimental insight into the decay schemes of these nuclei and allowed for the determination of the α-decay energies of 280 Rg, 276 Mt, and 272 Bh (see data in Table 1 ). These results indicate the potential for the investigation of the nuclear structures of SHN. However, these studies call for considerable increases in the rate of production of nuclei under study that could be reached at the new experimental facilities planned to be put into operation in a few years (see Section 6).
Element 117
For the synthesis of element 117, the 249 Bk target material was produced at the High Flux Isotope Reactor (HFIR) at the Oak Ridge National Laboratory (ORNL) [86, 87] . In 2009-2010, at two projectile energies corresponding to the excitation energies of the compound nucleus 297 [80, 81] . At 35-MeV excitation energy, we produced one six-α long decay chain of the odd-odd isotope 294 117, the product of the 3n-reaction channel. In an odd-odd nucleus (e.g., 282 Rg or 278 Mt), fission is suppressed because of the unpaired nucleons compared to α emission and this gives a longer α chain.
In 2012, to measure the excitation function over a wider energy interval and the production of more decay chains, the 249 Bk + 48 Ca reaction was studied at DGFRS at five excitation energies within the interval E * = 30.4-48.3 MeV [74, 88] . In two campaigns with a 249 Bk target, four decay chains of 294 117 were produced at two excitation energies E * = 32.6 and 35.1 MeV, and 16 chains of 293 117 were observed at three higher energies E * = 39.3, 42.6, and 46.0 MeV.
In 2012, the 249 Bk + 48 Ca reaction was also studied at TASCA at three excitation energies of 39.6, 41.2, and 44.5 MeV [89] . In total, four decay chains, two long and two shorter ones (not yet published), all terminated by SF, were observed. The decay properties of the nuclei in the long chains, which were found at the two largest 48 Ca energies and assigned to 294 117, are in good agreement with the results reported from the DGFRS group. In addition, in both chains, events with E α = 7.89 and 7.90 MeV were found 1.3 h and 1.6 h after the α decay of 274 Bh and assigned to 270 Db (T α = 1 h) followed by SF of 266 Lr (T SF = 11 h). The α decay of 270 Db was reported for the first time. However, the probability of a random origin for both of these events, which can be extracted from the data given in [89] , is rather large and reaches 0.5 (see discussion in [29] ). We do not include these results for 270 Db in Table 1 and Figs. 5 and 8 below because detailed analysis of data is not complete (reference [36] in [89] ).
Attempts to produce elements 119 and 120
By now, ten reactions of 233,238 U, 237 Np, 242,244 Pu, 243 Am, 245,248 Cm, 249 Bk, and 249 Cf with 48 Ca projectiles have been used for the investigation of the SHN region. In the 233 U + 48 Ca reaction, no decay chains were observed at DGFRS; an upper cross-section limit was 0.6 pb [56] . Nine other reactions resulted in the synthesis of 25 new even-Z nuclei and 29 odd-Z isotopes with 104 ≤ Z ≤ 118.
The decay properties of these nuclei revealed a significant increase in their stability with increasing neutron number. The nuclides with the largest neutron and proton numbers 293 Lv (N = 177), 294 117 (N = 177), and 294 118 (N = 176) were synthesized in the reactions with the heaviest target nuclei 248 Cm, 249 Bk, and 249 Cf available for performing such experiments. One can expect that increasing the number of neutrons in these nuclei would result in further increase in their stability. Unfortunately, isotopes with more excess neutrons can be reached only if they are formed as the heavier evaporation residues. For this purpose, one needs to use completefusion reactions with projectiles heavier than 48 Ca. One should also note that increasing the atomic number brings us closer to the proton shell at Z = 120-126 predicted by microscopic models, which could also increase the shell effects. However, most of the models predict much lower cross sections for complete-fusion reactions with projectiles heavier than 48 Ca, see, e.g., [53, 54, [90] [91] [92] [93] [94] [95] [96] [97] .
In 2007, the 244 Pu( 58 Fe, xn) 302−x 120 reaction was studied at DGFRS [98] . No decay chains of Z = 120 nuclei or their descendants were observed in experiment with a beam dose of 0.7 × 10 19 of 58 Fe projectiles. The sensitivity of the experiment corresponds to a cross section of 0.4 pb for the detection of one decay; the upper cross-section limit was set at 1.1 pb. In 2007-2008, a more symmetric reaction 238 U + 64 Ni leading to the same compound nucleus was used at SHIP [99] . No events originating from isotopes of element 120 were observed. Measured upper cross-section limit of 90 fb was reached at beam dose of 2.1 × 10 19 . A cross-section limit of 0.56 pb was set in the 248 Cm + 54 Cr reaction at SHIP in 2011 [100] .
Two experiments with a 50 Ti beam and 249 Cf and 249 Bk target nuclei were performed at TASCA in 2011 and 2012 aimed at the synthesis of elements 120 and 119, respectively [101] (results not yet published).
Discussion
Production cross sections
As mentioned in Section 3.1, the first experiments 244 Pu, 248 Cm, 249 Cf + 48 Ca in the period 1999-2002 were performed at excitation energies that exceeded the fusion-reaction barrier by 2-3 MeV [48, 68, 69, 73] (Fig. 4) . Since 2003, these and other 48 Ca-induced reactions were investigated at higher projectile energies. It turned out that the maxima of excitation functions are shifted by approximately 5-10 MeV to the higher energy values with respect to the Coulomb barrier, e.g., Bass barrier for spherical colliding nuclei [55] . This finding was in full agreement with the theoretical predictions [50] [51] [52] [53] : the preferable beam energy corresponds to approximately 40 MeV of compound-nucleus excitation energy with detection of the 3n and/or 4n evaporation products. In [50] [51] [52] [53] 97] , the cross sections for seven reactions from 233,238 U + 48 Ca to 245,248 Cm + 48 Ca were calculated. Further development of this method resulted in rather realistic predictions of the excitation functions of all 48 Ca-induced reactions studied at DGFRS and other separators.
In theory, the scenario of the nuclear transformation from the touching point to the formation of the evaporation residue in a heavy-ion fusion reaction could be conventionally considered as three consecutive stages. In the initial stage of fusion, quasi-elastic and deep-inelastic reaction channels dominate, leading to the formation of projectile-like and target-like fragments in the exit channel. Then, the composite system can evolve into a more compact-shape configuration close to the compound nucleus. During dynamical evolution of nuclear shape and exchange by nucleons, the composite system can re-separate into fragments similar to colliding nuclei. In this stage, deformed nuclei can also move directly to the fission valley and divide into two fragments without the formation of spherical compound nuclei. Such disintegration of heavy excited nucleus is called quasi-fission. Finally, if a compound nucleus is formed, it can cool down via the emission of neutrons and γ -rays, forming ER in the ground state. This process occurs in strong competition with the fission of the excited compound nucleus.
For each angular momentum l, the partial evaporation-residue cross section σ ER (E, l) for the production of the final nucleus in its ground state at the center-of-mass energy E in the entrance channel is factorized as the product of the partial capture cross section
, the fusion probability P fus (E, l), and the survival probability P surv (E, l),
Here, -λ is the wavelength, -λ 2 =h 2 /2μE, and μ is the reduced mass of the colliding system. The empirical channel coupling model is used to calculate the penetrability of the multidimensional Coulomb barrier T (E, l) and the corresponding capture cross section σ capt (E, l) (see, e.g., [50] [51] [52] [53] 97] and references therein). The energy dependence of the capture cross section σ capt (E) can be measured in experiment [102] . The standard statistical model is used for the calculation of the survival probability P surv (E, l) of an excited compound nucleus. However, the dynamics of the intermediate stage of the compound nucleus formation in competition with the quasi-fission process, P fus (E, l), is the most vague. For calculation of the probability P fus (E, l), the twodimensional master equation was used or, later, the multidimensional Langevin-type dynamical equations were proposed [50] [51] [52] [53] 97] . In this approach, it is assumed that two touching nuclei instantly and completely lose their "individualities" and can be treated as one strongly deformed heavy nucleus of total mass that evaluates in the multidimensional space of deformations into a spherical compound nucleus or goes into fission channels. Here, one should note that, for the statically deformed actinide nuclei used in 48 Ca-induced reactions, the orientation effects play an important role in the fusion dynamics. The fusion probability is strongly suppressed for more elongated initial orientations decaying mainly into the quasi-fission reaction channels. As a result, the cross-section maxima for these reactions are shifted by several MeV to higher values than the corresponding Bass barriers (Fig. 4) .
Note that different theoretical approaches are used for analyzing the process of compound nucleus formation. Several groups consider this process on the basis of "dinuclear system model" [92] [93] [94] . In this model, the touching nuclei stay in the contact configuration and all of the nucleons from the lighter nucleus are successively transferred to the heavier partner in competition with the quasi-fission processes. The nucleons of each nucleus move independently in the nonoverlapping mean fields. In another approach, the extended versions of the "fusion-bydiffusion" model [54, 95, 96] , the stochastic process of shape fluctuations leads to overcoming the saddle point. The results of the calculations [54] are shown for the 249 Bk + 48 Ca and 243 Am + 48 Ca reactions in Fig. 4 for comparison. Several analytical formulas for the description of the fusion probability are also proposed [90, 91] .
Here, we should note that one can also find other calculations in the literature of the xn-reaction channels. However, we confine this consideration to papers containing more or less systematic comparison with measured excitation functions, which has crucial importance for the reliability of further predictions. In spite of the difference in the physical mechanisms of the reaction processes, the above-mentioned approaches can accurately reproduce to a certain extent the measured cross-section values. However, even in these cases, the calculated cross-section values for the 249 Bk + 50 Ti and 249 Cf + 50 Ti reactions [53, 54, [90] [91] [92] [93] [94] [95] [96] [97] leading to the currently unobserved elements 119 and 120 differ significantly, from 0.03 pb [54] to 0.57 pb [95] and from 0.006 pb [54] to ∼ 0.15 pb [90] , respectively. Such a discrepancy is caused by many factors. The lack of a reliable model for the calculation of the probability of the compound-nucleus formation is only one of them [50] . The calculations of the cross sections of SHN produced in hot-fusion reactions via the 3n-or 4n-evaporation channels are very sensitive to the height of the fission barrier. Even a 1-MeV shift in the barrier height may result in a change in the calculated cross section by one [50] or even two or three orders of magnitude [54] . The damping of the shell effects in excited nuclei is also not known accurately enough. The last factors are both very important for the description of the de-excitation of compound nuclei.
In statistical models, for heavy nuclei, the survival probability is determined mainly by the relation of the partial neutron emission and fission widths ( n / tot ) ≈ ( n / f ) in each step of sequential neutron emission:
Here, B f and B n are the fission barrier and neutron separation energy in the compound nucleus, respectively, with excitation energy E * and temperature T , and x is the number of emitted neutrons. For nuclei with N > 162, the B f values decrease until the next shell at N = 184 starts influencing the fission barrier, while the B n values steadily decrease with increasing neutron number undergoing ∼1-MeV fluctuations due to the odd-even effect in this region. Upon approaching the closed neutron shell, the fission barriers will increase again. This effect is predicted by all of the microscopic models (see, e.g., [7, 8, 103, 104] and references therein). Note that two other parameters in formula (4), σ capt and P fus , weakly vary in the range 112 ≤ Z CN ≤ 118. Indeed, the capture cross sections σ capt are comparable for the 238 U-249 Cf + 48 Ca reactions (see, e.g., experimental [102] and theoretical data [51, 53] ), and the fusion probability P fus slightly decreases for heavier target nuclei [51, 53, 91, 105] .
Therefore, a strong change in σ ER (Z) with increasing Z could be caused by the survival probability P surv , which is directly related to the change in the fission barrier height of the nuclei. In Fig. 6(a) , the maxima ER cross sections measured in the reactions of 48 Ca with target nuclei of Pb (e.g., [65] and references therein), Ra [106] , and the actinide targets U-Cf are shown. The calculated values of (B f − B n ) are shown in Fig. 6(b) for the compound nuclei having the production cross sections given in Fig. 6(a) . Comparing these results, one can see that the relatively high cross sections for the production of evaporation residues in the fusion reactions with 48 Ca are caused by the large survivability of the compound nuclei, which is directly related to the high fission barriers in nuclei with Z < 120 that appear due to nuclear shell effects.
Decay properties
Alpha decay
The energies of α particles for even-Z nuclei 281 Cn, 294 118, 291 Lv, 292 Lv, 293 Lv and their descendants registered at DGFRS, IVO + COLD, SHIP, BGS, and TASCA are shown in Fig. 7 . As is well known, spontaneous fission of even-even nuclei is more probable by several orders of magnitude in comparison with neighboring nuclei having an odd number of neutrons and/or 48 Ca-induced reactions calculated in the macroscopic-microscopic nuclear model [7, 8, 103, 107, 108] and corrected for the odd-even effect are shown. Arrows show number of neutrons in the compound nucleus with the given atomic number. Lines are drawn to guide the eye.
protons [109] . In agreement with this, the short α decay chains of the even-even nuclei 294 118, 290, 292 Lv, and 286, 288 Fl are terminated by the SF of isotopes 282, 284 Cn. The isotope 286 Fl also has a SF branch of 40%. The α-particle energy spectra of these nuclei are characterized mainly by a single α line, which may correspond to ground-state to ground-state transitions. In Fig. 7 the spectra of events registered solely by focal-plane detectors with an energy resolution better than 0.1 MeV are shown by the red histograms. Nevertheless, the spectrum of 288 Fl is somewhat wider and formally could not exclude the existence of two lines differing by approximately 0.1 MeV (E α ≈ 9.85 and 9.95 MeV). These energies were observed in experiments performed at DGFRS [49, 56, 70] , TASCA [45, 65] , and SHIP [72] . However, the existence of two lines in the decay of 288 Fl has not yet been statistically validated, and the assignment of a possible lowerenergy line to the population of a 2 + rotational level seems to be improbable [72] . In Fig. 3 and Table 1 , we present the average α-particle energy for 288 Fl determined from all of the observed events.
The decay chains of the even-odd nuclei 291, 293 Lv are terminated at a later stage by the SF of 279 Ds and 281 Ds, which have small α-decay branches of 11% and 7%, respectively. Two SF events of the four observed in the 238 U + 48 Ca reaction at the SHIP [63] were assigned to the 50% spontaneous fission branch of 283 Cn, which does not appear to contradict the re- Fig. 7 . α-particle energy spectra for even-Z nuclei registered by the focal-plane detector only or together with the side one at DGFRS [48, 49, 56, [68] [69] [70] [71] 73, 74] , IVO + COLD [57] [58] [59] [60] [61] , SHIP [63, 72] , BGS [46, 47] , and TASCA [45, 65] . Note, the energy resolution of α-particles detected simultaneously by the focal-plane and side detectors was up to 0.20 MeV (spectra for events with energy resolution better than 0.1 MeV shown in red). The data from the IVO + COLD are included if E α are published.
sults observed at DGFRS in the same reaction [56] . Here, three of the seven decay chains were detected as ER-SF sequences with presumably missing α particles of 283 Cn. However, when 283 Cn is produced after the α decay of the parent nucleus 287 Fl [46, 49, 56, 61, 70] , only an upper limit of 7% for the SF branch of 283 Cn can be derived. The population of isomeric and ground states, even with comparable lifetimes, in a direct reaction and after α decay cannot be excluded (compare with 261 Rf [110, 111] ). Further, α decays of the even-odd nuclei lead to SF of 265,267 Rf and 277 Hs (an SF branch for 271 Sg with a probability of approximately 40% cannot be excluded).
Complex spectra composed of several α lines are clearly observed for 283 Cn, 289 Fl, and 291 Lv. In addition to the main transition with E α = 9.53 MeV, two lines with energies of 9.33 and 8.94 MeV were registered for 283 Cn [56, 57] . Two energies were measured for its precursor 291 Lv (E α = 10.74 and 10.50 MeV) [49, 71, 72] , whereas the spectrum of 287 Fl is consistent with a single α transition. Predominantly, a single α line is observed for 293 Lv, but two different energies were observed for 289 Fl, with E α = 9.48 and 9.84 MeV [45, 48, 49, 56, 65, [68] [69] [70] .
The energy spectra of α particles for odd-Z parent nuclei 282 113, 287,288 115, 293,294 117 and their descendants registered at DGFRS and TASCA are shown in Fig. 8 . Even in cases with relatively low statistics, one can observe wider energy distributions for these nuclei than those shown in Fig. 7 for even-Z nuclides. Despite the complex spectra of α particles, the decays are characterized in almost all cases by a single half-life. The only exception was the decay of 276 Mt, which exhibited one of the most complex α-particle spectra; here, one could not exclude that two states with different lifetimes were observed [75, 76, 80, 81] . In [83] , a single half-life for 276 Mt was proposed, whereas the decay time in one chain was 8.95 s. This long lifetime could confirm the assumption given in [81] . In Fig. 5 and Table 1 , we present the results of a two-exponential fit [112] of all of the available data for 276 Mt, which suggests two half-lives; however, more statistics are required for a definite conclusion. For the odd-Z nuclei with Z > 105, the branch for electron capture EC/β + was not observed. For example, for the isotope 288 Fl, the EC product of 288 115 and its descendants were not observed in the 243 Am + 48 Ca reaction, which indicates that for nuclei in the decay chain of 288 115, the probability of EC/β + is less than 2%. Alpha-decay chains of four parent nuclei 282 113, 287, 288 115 , and 294 117 end by SF, which was assigned to the long-lived isotopes of 266,267,268,270 Db. The odd-even isotope 281 Rg undergoes SF with a small branch for α decay (b α = 12%), which is followed by the SF of 277 Mt. Note that electron capture in some Db isotopes is not excluded. In Fig. 9 , the partial EC/β + -decay half-lives versus decay energy are shown for the known odd-odd isotopes of Np-Db. Experimental half-lives together with predicted EC/β + -decay energies for 266, 268, 270 Db are in agreement with the T β (Q β ) systematics for Np-Db isotopes. This result indicates that the odd-odd isotopes of 266,268,270 Db have a significant probability of EC/β + decay, leading to the SF of even-even Rf isotopes, for which T SF = 23 s, 1.4 s, and 20 ms are predicted [8] . Another possible indication of the observation of EC/β + decay instead of the direct fission of Db isotopes follows from the pattern of their observed half-lives with increasing neutron number. The measured half-lives of Db isotopes gradually become larger with an increase in neutron number approaching the number of the neutron shell N = 162 ( 267 Db) and continue to increase beyond this point. However, crossing the neutron magic number is expected to result in a considerable decrease of T SF for nuclei with N > 162, for example, for 270 Db in comparison with 268 Db. The values of the observed fission half-lives in the decay of 267 Db as well as 281 Rg are somewhat lower than the bulk of EC/β + data for lighter isotopes. This difference could indicate a larger probability of decay by SF in preference to EC/β + decay, leading to half-lives of 1 h for 267 Rf and 13 s for 281 Ds. The low probability of the EC/β + decay of 281 Rg is also supported by the lack of observation of its potential EC/β + -decay product, 281 Ds, which has different α-particle energies (Figs. 3 and 5 and Table 1 ).
In several decay chains of 288 115 and 294 117, which registered mainly during beam-off periods, a search for the α decay of 268 Db and 270 Db did not reveal any relevant events [88] . The lack of α decays of 268 Db is in agreement with the results of chemical experiments, where SF activity, with the same production cross section and decay properties that were measured in the DGFRS experiments, was observed in a fraction of the transactinide elements and was attributed to the SF of 268 Db [77, 78] .
The systematics of the α-decay energy (Q α ) vs. the neutron number for the isotopes of elements 106-118 are shown in Fig. 10 . The α-decay energy for each isotope was determined from the largest measured α-particle energies. Only the two highest energies of 10.54 and 10.18 MeV, observed for isotopes 289 115 and 285 113 (see discussion in [88] ), respectively, were excluded Table 1 ); other data are taken from [116] . Lines are drawn to guide the eye.
from the calculations because of their deviation by more than 0.15 MeV from the bulk of other α-particle energies.
First, one can see that the pattern of the α-decay energies of the isotopes of Sg, Bh, and Hs matches the trend following from the Q α values of the known lighter isotopes of the same elements near the magic number N = 162. Along with the isotopes of Ds and Rg observed in the cold-fusion reactions (see, e.g., [16, 30, 31] ), the variations of the α-decay energies of the isotopes Sg-Mt produced in the U-Cf + 48 Ca reactions compared with their lighter isotopes verify the influence of the shell at N = 162 on the stability of the nuclei.
Moving from the magic number N = 162 and approaching the next magic neutron number N = 184, the isotopes of the elements produced in the U-Cf + 48 Ca reactions exhibit a decrease of α-decay energy. Variations of the stability against α-decay vs. the neutron number are shown in Fig. 11 for even-Z and odd-Z nuclei. The increase of the neutron number in nuclei with N ≥ 165 results in a decrease of the Q α energy (Fig. 10) and a considerable increase of their half-lives (Fig. 11 ). An especially strong growth of T α (N ) with increasing N is observed for the isotopes of elements 109-113. In comparison with the isotopes of elements Fl-117, the rate of reduction of α-decay energies with the growing neutron number of the isotopes of Ds-Cn is evidently larger (Fig. 10) ; a further increase of their neutron number could result in even larger differences between the Q α values of the isotopes of Ds-Cn and Fl than the Q α gap between, e.g., Fl and Lv. Such a progressive decrease of the Q α value for Ds-Cn is reminiscent of the behavior of the α-decay energies of the isotopes of elements with magic proton numbers upon approaching the neutron magic number (compare with the data for the isotopes of Hs (Z = 108) and Pb (Z = 82) given in Fig. 10 and Figs. 20-26 in [114] ). This observation implies the influence of the magic/sub-magic proton number of Z = 110/112 on the decay properties of the nuclei produced in the 48 Ca-induced reactions. However, these observations call for the production of even heavier isotopes of the considered elements and careful theoretical analysis.
As stated above, since the mid-1960s, different versions of the macroscopic-microscopic theory predict magic numbers of 114 for protons and 184 for neutrons [7, [9] [10] [11] [12] [13] . Subsequent self-consistent microscopic calculations suggest that the magic proton shell should appear at higher proton numbers of 120-126, and these calculations predict a magic number of neutrons at N = 184 or N = 172 (see, e.g., [7] ). However, the influence of a hypothetical shell at N = 172 is not observed for the nuclei with Z = 112-115 (see Fig. 10 ), for which a gradual decrease of α-decay energy is observed when crossing N = 172, which is in contrast to the variation of the Q α values at N = 152 and N = 162. In spite of the disagreement between different models in predicting the proton magic number, the resulting calculated nuclear masses, which represent one of the basic properties of nuclear matter, do not strongly deviate from experimental masses, although the quality of the description depends on the particular region of nuclei. The deviations of the relative value Q α , which is determined by the difference between the masses of the parent and daughter nuclei (Q α = M p − M d − m α ), could be even lower. In Fig. 12 , the experimental Q α data are compared with the results of calculations within two macroscopicmicroscopic models [107, 108] and [117] , which show minimum root mean square discrepancies with the measured mass values [118] and with the purely microscopic Hartree-Fock-Bogoliubov approach [119] . The deviation between theory and experiment is given as the difference in decay energies Q α = Q exp α -Q th α for all of the nuclei produced as evaporation residues in the 48 Ca-induced reactions and their daughter products. As is observed in Fig. 12 , Q α values for even-even nuclei in all of the three cases are within approximately ±0.5 MeV; however, the HFB-27 data systematically exceed the experimental Q α values by approximately 0.5 MeV. For all of the nuclei, including odd-N and/or odd-Z ones, the discrepancies Q α are within +0.5 to −0.4 MeV (WS4 RBF ), +0.5 to −1.4 MeV (HN), and +0.8 to −2.3 MeV (HFB-27). For some In all three models, the measured α-decay energies of nuclei with A ≈ 280-285 are systematically lower than the calculated values. These are odd-N or Z isotopes of elements [110] [111] [112] [113] with N ≈ 168-173, which demonstrate the largest decrease of the α-decay energies (Fig. 10 ) and the largest increase of stability with respect to α decay (Fig. 11) . This result could indicate the existence of some stabilizing effect on the nuclei in this region. The origin of this effect might be associated with the theoretically predicted shape changes from oblate to prolate, from superdeformed to low prolate shapes, or from the coexistence of shapes in the transition region between shells N = 162 and N = 184 (see, e.g., [120, 121] ). In addition, the nuclei with N ≈ 168-170 exhibit the lowest stability against spontaneous fission (see Figs. 3 and 5 and Table 1 ).
Spontaneous fission
The partial SF half-lives of isotopes with N ≥ 162, produced in fusion reactions with 48 Ca, together with the half-lives of SF nuclides with N < 162 are shown in Fig. 13 . The data are given for only those even-even isotopes that have half-lives that are not hindered by the influence of unpaired neutron and/or proton. The influence of the N = 152 shell on the stability of nuclei against SF is clearly observed for isotopes of Cf-No. A large decrease of the T SF of 256 Rf (N = 152) compared with those for lighter nuclei with N = 152 and Z ≤ 102 is caused by the reduction of the second fission barrier below the ground state. In addition, the growth of T SF with N is explained by the gradual increase of the first barrier for Rf isotopes. The same tendency is also observed for Sg isotopes. The increase of T SF values for even-even isotopes 264, 266, 270 Hs (see [16, 30, 31, [123] [124] [125] and [106, 126] ) with an increasing neutron number approaching the neutron magic number N = 162 and the low half-life of the SF nucleus 277 Hs [45, 65] demonstrate the influence of this shell on the stability of nuclei against spontaneous fission. These variations of T SF are in agreement with theoretical calculations based on macroscopic-microscopic models [8, 122] as well as a recent self-consistent Skyrme-HFB approach [104] .
For 16 of the 54 neutron-rich nuclei synthesized in the U-Cf + 48 Ca reactions, spontaneous fission was registered. For five of the 25 even-Z nuclei, only SF was observed; in another five nuclei, SF competes to a greater or lesser extent with α decay (Table 1) . Two even-even isotopes of Cn with N = 170 and 172 are located in a region where a steep rise of T SF (N ) is predicted. The difference of two neutrons in these isotopes increases the SF partial half-life by two orders of magnitude. A similar effect is also observed for the even-even isotopes of Fl: the addition of two neutrons to the nucleus 286 Fl leads to an increase of the stability of 288 Fl with respect to SF by at least a factor of 15. For heavier even-even nuclei, 288 Fl, 290 Lv, 292 Lv, and 294 118, SF was not detected due to the more considerable rise of stability with regard to SF compared to α decay, with the neutron number approaching the magic number N = 184 [7] .
For nuclei with an odd number of neutrons and/or protons, the probability of spontaneous fission decreases. The odd neutron in isotopes of Rf and Sg leads to the hindrance of SF by 3-4 orders of magnitude for nuclei with N ≈ 152; this hindrance then decreases to approximately one order of magnitude for heavier isotopes with N = 159-161. Such a variation of the stability of odd-N Rf and Sg isotopes might be caused by the influence of N = 152 shell on the probability of SF of these nuclei.
A comparable increase of T SF is also observed for odd isotopes 279 Ds and 281 Ds in the transition from N = 169 to 171 ( Fig. 3 and Table 1 ). Here, the stabilizing effect of unpaired neutrons even allows for the observation of a small α-decay branch. The scale of this effect can be estimated for the odd-even isotope 283 Cn (if it is observed after α decay of 287 Fl): a hindrance to SF exceeding 5 × 10 3 is observed in comparison with the even-even neighbors 282 Cn and 284 Cn.
Because of the high hindrance of SF in the nuclei with odd numbers of protons (and neutrons) and the relatively low T α , the isotopes of element 113 with N = 169-173 and their parent nuclei undergo α decay. In their decay chains, spontaneous fission is observed mainly at the level of Db isotopes (or their EC/α-decay products). For 268 Db, α decay appears to be less probable (see [88] and discussion in [29] ). The nucleus 281 Rg (N = 170), belonging to the region with the lowest stability with respect to SF, might avoid fission due to the hindrance resulting from the presence of an odd number of protons. The hindrance of the SF in 281 Rg regarding its even-even neighbor 282 Cn is ∼ 2 × 10 4 (Table 1) . Despite this hindrance, the isotope 281 Rg undergoes SF with a probability of approximately 90%. Accordingly, even the high hindrance governed by the characteristic of oddness does not "save" the odd nucleus ( 281 Rg, 277 Mt) from SF, which is caused by the weakening of the stabilizing effect of the neutron shells at N = 162 and N = 184. However, an extra neutron and the double effect of oddness favor α decay in the neighboring isotopes 280 Rg and 282 Rg.
Spontaneous fission of the nuclei with Z = 108-112 and N = 168-170, which are far from the both neutron shells at N = 162 and N = 184, have the lowest T SF values. The decay chains of their heavier precursors, both with even and odd Z and N numbers, are terminated by SF. The decay chains of the nuclei outside of this region end by the SF of neutron-rich isotopes of Rf and Db located closer to the neutron shell at N = 162. Thus, the decay chains of the heaviest nuclei synthesized in the U-Cf + 48 Ca reactions do not link them with the region of known nuclei. These heaviest nuclei form an isolated region -an "island of superheavy nuclei". The existence of this island and the relatively high stability of SHN are determined in full by the new closed shells at N = 184 and Z = 114 (possibly 120-126).
Conclusions
As a result of the experiments performed with use of a beam of 48 Ca ions, the heaviest six elements with atomic numbers 113-118 were synthesized. These elements filled the seventh period of the table by D.I. Mendeleev. In these investigations, more than 50 new nuclides, isotopes of elements 104-118 having the largest number of neutrons, were produced for the first time, and their decay properties have been determined. The chart of the nuclei was essentially extended up to the nuclides with Z = 118 and N = 177.
The heaviest nuclides with a mass number of 294 were synthesized in the 249 Cf + 48 Ca and 249 Bk + 48 Ca reactions; these are the even-even isotope 294 118 (T 1/2 = 0.69 ms) and the odd-odd isotope 294 117 (T 1/2 = 51 ms), respectively.
In comparison with the last stable nuclei, 208 Pb and 209 Bi, the mass of the heaviest nuclei was increased by more than 40%. These nuclei demonstrate amazing vitality. At the limit of Coulomb stability, due to the microscopic structure of nuclear matter, the heaviest nuclei manifest an increase of binding energies, the appearance of a fission barrier which results in the existence of superheavy nuclei.
The border of atomic masses was substantially shifted from the limits predicted by the macroscopic nuclear model. Fundamental outcomes of the microscopic theory concerning the limits of nuclear matter were shown by experimental evidence.
Perspectives
Discovery of the new region of stability and the very fact of the existence of the superheavy elements has raised a number of questions related to the properties of extremely heavy nuclei and the structure of superheavy atoms. Because the border of the nuclear mass shifted to the area A > 294, a natural question arises concerning the possible existence of even heavier nuclei and new regions (islands) of stability. Are the superheavy nuclei formed in nucleosynthesis similar to those existing in Nature stable and long-living nuclei U-Th? What is the electron structure of a superheavy atom in a strong Coulomb field? To what extent are the chemical properties of superheavy elements similar to their light homologues, and so on.
Evidently, to answer these and many other questions, our knowledge of SHN must be significantly enriched. Towards this end, it is essential to considerably extend the area of research involving new resources. However, judging by the initial attempts, going beyond the domain of the synthesized superheavy nuclei, the study of which has occurred for the last 15 years, will be a very difficult task.
Direct synthesis of elements with Z > 118 in fusion reactions requires using projectile nuclei heavier than Ca because the capability of high-flux reactors to produce target material in sufficient quantities is limited to Cf isotopes. As was shown above, a number of attempts undertaken in various laboratories and aimed at the synthesis of elements 119 and 120 did not yield any result. The limits of the production cross sections of these elements appeared to be more than 10-20 times lower than those of the production of the isotopes of elements 114 and 115 in experiments with 48 Ca.
Advancement to more neutron-rich isotopes of known superheavy elements (SHE) appears to be problematic as well. For the synthesis of only one additional neutron-rich isotopes with Z ≤ 117, the reactions 249 Bk( 48 Ca,2n) 295 117 and 248 Cm( 48 Ca,2n) 294 Lv can be used. Their cross sections are predicted to be at the level of 0.3-0.4 pb [52, 53] (Fig. 4) , which basically can be reached with the present sensitivity of the experiment. However, entering the area of more neutron-rich isotopes and approaching the shell N = 184 is possible only with the use of radioactive beams that have a larger neutron excess than 48 Ca. Unfortunately, the intensity of the radioactive beams at the most advanced contemporary accelerator complexes, and even at those being designed, is extremely low for performing such experiments.
From this point of view, it seems reasonable to focus on a detailed study of the already synthesized nuclei, i.e., measuring their mass, form, and fission barriers; searching for excited states; and so on. To perform such a study, it is necessary to improve the essential statistics of the measurements.
The following open up possibilities to considerably increase the yield of the known isotopes of SHE and to enhance the knowledge of the heaviest nuclei and elements:
Study of the following topics:
-modes of the synthesis of SHN (fusion-evaporation reactions of different nuclei, measured cross sections of reaction channels at various beam energies), -decay properties of the isotopes of SHN (modes of the decay, energies and half-lives).
Application of the achievements of the last 20 years in the fields of: -accelerator and plasma physics, -experimental techniques, -highly sensitive and precise detectors, -developments in target technologies, and so on.
In some laboratories, work has already started on developing accelerator complexes and new experimental facilities with the aim of the synthesis and study of nuclear and atomic properties of the new superheavy elements. Among these is the experimental complex under construction at FLNR (JINR) named the "SHE Factory".
Ideas incorporated in the design of the SHE Factory assume the development of the future experimental base in several ways:
-production of new target materials (running and designed nuclear reactors and enrichment facilities) and development of techniques for making targets with high thermal and radiation stabilities, -construction of a new accelerator of stable and long-living isotopes in the mass range A = 10-100 with an intensity of up to 10 pµA and energy up to 8 MeV/nucleon, -construction of a new experimental building and infrastructure for housing the accelerator with five channels for the transportation of beams to a 1200-m 2 experimental hall that is equipped with systems of shielding and control for operations with radioactive materials, -development of new separators of reaction products, upgrade of the existing separators and development of the new detection modules for the study of nuclear, atomic and chemical properties of new elements.
The complex could be designed with a lifespan of 20-25 years. Here, the production rate of superheavy nuclei is expected to be increased by almost two orders of magnitude compared to the current rate. Over the next few years, the SHE Factory is expected to be in great demand as a means of providing high sensitivity in running experiments aimed at the study of SHN.
In general, studies of heavy and superheavy nuclei are related to atomic physics, nuclear physics, astrophysics, and radiochemistry. These studies cover a wide range of phenomena, the study of which requires many more experiments than the experiments that are to be performed at the SHE Factory. However, when experiments are performed with extremely heavy nuclei at the limit of stability and thus require extremely high sensitivity, the advantages of the SHE Factory become quite important. The program of experimental research will be directly associated with the achievements of world science and is designed for broad international cooperation.
In addition to the construction of new complexes (SHE-Factory, SPIRAL-II + S 3 , FRIB), the modernization of the existing ones and commissioning of the new setups (LINAC + GARIS-II, 88'Cyclotron + BGS) can significantly expand the field of research of superheavy nuclei, even in the near future.
The SHN were produced with use of kinematic separators (Vf -separation of ERs, Ms -mass separation; here and hereinafter, the notations of the criteria are given as in [14] ) with angular selection (As), which strongly separates forward-peaked ERs with a large suppression of the products of the transfer reactions or incomplete fusion (e.g., αxn reactions are suppressed by a factor of approximately 10).
The production cross sections (Cs) are comparable for all of the studied reactions (Figs. 4  and 6 ), which might indicate the identity of the mechanism of all of the reactions. The excitation functions (Ey) have been measured for most of the reactions (Fig. 4) , which, together with decay properties of the observed nuclides (kind of decay (Ki), branching ratio (Br), half-life (T ), and α-particle energy (E α )), demonstrate, at close examination, the production of the neighboring isotopes of the same element in each reaction (Figs. 3-5) . Indeed, with an increase of the excitation energy E * of the compound nucleus, the yields of different nuclides vary ("at increasingly higher energy values for increasing values of x" [14] ). At the lowest E * values, the nuclides with relatively lower α-particle energies and longer half-lives are produced. At larger projectile energies, the yield of these nuclei decreases, but the yield of other nuclides, with higher E α and shorter T values, increases and then decreases again with the further increase of the excitation energy. The decay properties of the nuclides, consecutively appearing with the rise of E * , are different (compare the E α and T values and decay modes of all of the nuclei in the chains in Figs. 3 and 5 ), but the difference in E α and T values is rather low; this observation excludes the assignment of the observed nuclides to differing types of reaction (e.g., considering that one isotope is produced in the xn channel and others -in the pxn or αxn channels).
Most of the even-Z isotopes as well as the odd-Z 289 115, 285 113, and 281 Rg were observed in cross bombardments (Cs), which proves that all of the nuclei with even or odd atomic numbers were produced in the same type of reaction −xn, p × n, α × n, and so on. Indeed, with increases of the atomic (by two protons) and mass numbers of the target nuclei, new parent nuclides are produced; their α decay leads to the nuclei that were synthesized in the reaction(s) with lighter target nuclei. For example, isotope 282 Cn was produced in the following reactions: 238 294 118-(α, α, α)-282 Cn. Another example of the cross bombardments is the observation of the same nuclides in the reactions with target isotopes of the same Z but with different mass numbers (Figs. 3-5) . If the target isotopes differ by several neutrons, e.g., 242 Pu and 244 Pu, then the observed parent nuclide, e.g., 287 Fl, can be produced in the 3n-evaporation channel of the reaction, with 242 Pu at a lower excitation energy, and in the 5n channel of the reaction, with 244 Pu at higher excitation energy. Here, the identity of the decay properties observed in cross bombardments definitely proves that the same nucleus was produced in two reaction channels that differ merely by number of evaporated neutrons.
Assignment of the synthesized nuclides to the products of the p × n-reaction channel would be in evident disagreement with the observed decay patterns. Namely, in the reactions with even-Z target nuclei, spontaneous fission is observed, following fewer steps of α decay of the parent nuclides compared with what is observed in the reactions with odd-Z target nuclei (compare Figs. 3 and 5) . Moreover, the α-particle energy spectra of nuclei produced in the reactions with odd-Z targets are more complex than those from the reactions with even-Z ones (compare Figs. 7 and 8), which is in agreement with numerous observations for even and odd isotopes.
Note that the population of the high-energy levels in the parent nucleus followed by α decay to the low-energy levels or ground state of the daughter one leads to a higher α-particle energy E α than that corresponding to the ground-state-to-ground-state α-decay energy Q α . However, the following α decay starts from a low-energy level. Thus, the observation of decays from high-to low-energy levels for all of the nuclei in the long decay chains (e.g., 285 Fl, 291 Lv or 288 115) is absolutely excluded. Vice versa, α decay can go to the excited states of daughter nucleus, followed by the emission of γ ray(s), which results in a lower E α than that corresponding to the Q α value. As shown in Fig. 7 , the even-Z isotopes do not exhibit transitions from high-to low-energy levels; their α-particle energies are identical and form single peaks in both casesafter production of nuclei in primary reactions and after α decays of parent nuclei (with several lower-energy peaks observed for even-odd 291 Lv, 289 Fl, and 283 Cn, see Fig. 7 ). Calculation of the Q α values from α peaks appears to be reasonable for even-even isotopes as well as for even-Z odd-N nuclei because the energies of odd isotopes have intermediate values between those of even-even nuclides, which in agreement with the observations for the lighter nuclei (see Figs. 21-26 in [114] ).
For odd-Z nuclei, the α spectra are more complex, which makes estimations of Q α more difficult. However, the calculation of their α-decay energies from the highest measured α-particle energies (see above) appears to be justified. For example, the Q α values for odd-odd nuclei 288 Bh, estimated or determined in [83] from the observed α-γ coincidences are in good agreement with such calculations. For all of the nuclides, these values are lower than those from [83] by 0.03-0.24 MeV, which might indicate that transitions occur to the low-lying exited states of the descendants (see Table 1 ). Thus, the calculated Q α values for odd-Z nuclei (Fig. 10) can represent their low limits, which can differ from the exact Q α values by a few hundred keV at most.
The α-decay energies of the heaviest nuclides with Z = 113-118 are in good agreement with the theoretical calculations (Fig. 12) and, more importantly, the Q α values for isotopes of Sg, Bh, and Hs perfectly correspond to the pattern of variation of Q α (N ) at the crossing of the magic neutron number N = 162 (identical to what is observed for the isotopes of Ds and Rg, see Fig. 10 ).
From the above considerations, one can conclude that assignment of all of the nuclides observed in the 48 Ca-induced reactions to the products of the αxn channel (as well as pxn, 3pxn, etc.) contradicts the known behavior of Q α (N ) for various nuclides in the vicinity of N = 152 and 162 (in the opposite case, e.g., all of the Q α values attributed to isotopes of Ds-Sg in Fig. 10 are assigned to the respective lighter elements Hs-Rf).
Furthermore, the chemical characterization (Ch [14] ) of element 112, based on the direct comparison of the adsorption characteristics on a gold surface of atoms of 283 Cn to that of Hg and Rn, was obtained in [57] [58] [59] [60] . The results of these experiments "establish element 112 as a typical element of group 12" [57] . Thus, the atomic numbers of all of the isotopes in the decay chain, starting with 291 Lv and ending with 267 Rf, were determined by genetic relation (Gn [14] ) between 283 Cn and other nuclides in this chain. The terminal SF nuclide in the decay chain of 288 115 produced in the 243 Am + 48 Ca reaction was chemically characterized as a transactinide element [77, 78] , and the atomic number of parent nuclide should be 114 or 115. The decay properties of all of the nuclei in this chain evidently differ from those observed for [285] [286] [287] [288] [289] Fl (potential products of the p1n to p5n channels of the 243 Am + 48 Ca reaction). Therefore, the parent nucleus can only be element 115.
Finally, in a similar reaction of 226 Ra + 48 Ca, only the 4n-evaporation product, 270 Hs, was definitely observed [106] .
Therefore, conformity with all of the above-mentioned criteria demonstrates that the observed SHN originate from the complete-fusion reactions followed by the evaporation of the neutrons. The mass numbers of the synthesized SHN can be easily established by considering their decay properties (e.g., SF is much more probable for even-N and/or Z isotopes, see Figs. 3 and 5), ex-citation functions (e.g., products of the 244 Pu + 48 Ca might be assigned to 1n-to 3n-evaporation channel instead of 3n-to 5n, but in this assumption, the product of the 245 Cm( 48 Ca,2n) 291 Lv reaction should originate from the radiative-capture channel, which was not registered even in the cold-fusion reactions), and cross bombardments (e.g., production of 291 Lv and 287 Fl in the reactions with 245 Cm and 242,2444 Pu).
